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ABSTRACT: The impact of donor−acceptor substitution on
optical and electronic properties of conducting polymers was
investigated with time-dependent density functional theory
(TDDFT). A series of donor−acceptor systems with thiophene,
3,4-ethylenedioxythiophene, and pyrrole as donors and 3,4-
difluorothiophene, diketopyrrolopyrrole, 2,1,3-benzothiadiazole,
4-dicyanomethylene-4H-cyclopenta[2,1-b;3,4-b′]dithiophene,
and indeno[1-2b]-fluorene-6,12-dimalonitrile as acceptors as
examples of donor−acceptor systems with increasing donor−
acceptor character was studied. Spectral properties were ana-
lyzed in terms of differences in ionization potentials and electron affinities of donors and acceptors, charge separations between
donors and acceptors in ground and excited states, and electron distribution in the acceptor units. A shift in electron density away
from the backbone caused by some of the acceptors correlates with localization of the conduction band on the acceptor.
Localization does not correlate with energy level differences between donor and acceptor. Localization results in shift of oscillator
strength from the HOMO−LUMO peak to a higher energy feature where the first delocalized orbital acts as the acceptor. The
“camel back” absorption with two equally strong peaks that gives rise to green polymers is the intermediate case associated with
partial localization of the conduction band. Stronger localization causes the HOMO−LUMO band to almost vanish.
■ INTRODUCTION
The donor−acceptor concept1 is one of the most successful
approaches to tailoring band gaps of conjugated polymers for
application in light emitting diodes (LEDs),2−11 organic field
effect transistors (OFETs),12−19 and organic photovoltaic
devices (OPVs).20−59 The extensive interest in the concept
started with Havinga et al.’s original idea that donor−acceptor
systems have small band gaps and large band widths.1 The band
structures of donor−acceptor systems turned out to be more
complicated, however. While band gaps can be reduced by
combining different donors and acceptors, band widths do not
increase and may actually decrease substantially.60−62 Reduced
bandwidth is indicative of charge carrier localization and
therefore low charge carrier mobility. Unexpected experimental
findings of low electron mobility in 3,4-ethylenedioxythiophene
(EDOT)-4-dicyanomethylene-4H-cyclopenta[2,1-b;3,4-b′]-
dithiophene (CDM)63,64 and lack of a photoresponse in photo-
conductivity spectroscopy in cyclopentadienone systems65 are
the consequence of localization of the conduction band states.
Although it is more common for localization to occur in the
conduction band, localized valence bands66 have been observed
as well.
Localization reduces spatial overlap between ground and
excited state compared to that of homopolymers with delocalized
valence and conduction bands.67 It was shown theoretically for
fluorene containing donor−acceptor systems that the decreased
spatial overlap between the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
leads to lower intensity of the first excited state which is a
HOMO−LUMO transition. The oscillator strength shifts to a
second peak that arises from skipping the states of the localized
conduction “band”, transferring the electron into states that
resemble the π* levels of homopolymers.68,69 In certain donor−
acceptor systems, the two absorption bands have similar intensity
and fall into the visible range. Simultaneous absorption of red and
blue gives rise to green polymers.70−80
Intensive research on OFETs and OPVs in recent years
has produced a large amount of experimental data on different
donor−acceptor systems and has established empirically the
most suitable combinations of donors and acceptors for specific
applications. Nonetheless, there is still no general consensus
regarding the nature of the dual band absorption,80 and the
dependence of relative oscillator strengths and the nature of
donor and acceptor have not been studied systematically. There-
fore, electronic structure changes during excitation in a series of
donor−acceptor systemswere analyzedwith the aim of developing
design rules for donor−acceptor systems suitable for OPVs and
OFETs.
■ METHODS
Donor−acceptor monomers were assembled by sym-
metrically flanking the acceptors with one donor on each
side (Scheme 1). As donors thiophene (TH), 3,4-ethyl-
enedioxythiophene (EDOT), and pyrrole (PY) are employed.
The acceptors are 3,4-difluorothiophene (FTH), diketopyrrolo-
pyrrole (PYPY), 2,1,3-benzothiadiazole (BT), CDM, and
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indeno[1-2b]-fluorene-6,12-dimalonitrile (IFDMT). For all
monomers, the correct relative orientation of donor and acceptor
(cis or trans) was determined. Structures of oligomers with 1−4
and, in some cases, 6 repeat units were optimized without en-
forcing planarity. With the exception of TH-IFDMT-TH oligo-
mers, all systems were found to be either planar or almost planar
with very small planarization energies.
Extrapolation to polymers was done with second degree poly-
nomial fitting to account for convergence at long chain length.
Inclusion of hexamers increases polymer band gaps obtained by
extrapolation compared to those predicted with tetramers. The
differences do not exceed 0.04 eV, however. In any case, extrapo-
lation with few oligomers tends to underestimate polymer band
gaps. Extrapolated peak positions are therefore lower bounds.
In addition, disorder in the thin films mimics properties of
shorter oligomers.
HOMO and LUMO levels of tetramers are already close to
those of polymers and the lower valence band and the upper
conduction band edge converge even faster with increasing chain
length. Therefore, the energy levels of tetramers are used
as models for polymer bands and the terms “band gap” and
“bandwidth” is used also for oligomers.
Excited states up to about 4 eV were calculated using time-
dependent density functional theory (TDDFT). Charges in
ground and excited states were assessed with natural population
analysis (NPA).81 Because certain excited states of donor−
acceptor systems have charge-transfer character, the perform-
ances of a global and a range-separated hybrid are compared. For
structure optimizations and excited state calculations the global
hybrid B3P86-30%,82−84 which contains 30% of exact exchange
and the range-separated hybrid functional, wB97XD,85 with 22%
of short-range, 100% of long-range exact exchange and a range-
separation parameter of 0.2 Bohr−1 were used. The particular
choice of the two functionals is based on a previous detailed
evaluation of density functional performance regarding proper-
ties of π-conjugated systems.86
The advantage of wB97XD is that it produces orbital energies
that are good estimates of ionization energies (IP)s and electron
affinities (EA)s for homopolymers.86 For the donor−acceptor
systems studied here, gas phase IPs and EAs are not available.
Therefore, the accuracy of the orbital energies could only be
checked against IPs and EAs calculated as energy differences
between neutral species and ions (ΔSCF IPs and EAs). The
negative HOMO energy overestimates the IPs by 0.19−0.28 eV
and underestimates EAs by 0.04−0.25 eV. There is no increase
in the error with increasing chain length, which is important for
extrapolation. Orbital energies and band structures are therefore
discussed using the wB97XD values throughout the paper.
Overestimation of excitation energies and IPs and underesti-
mation of EAs can be improved by tuning of the range-separation
parameter.87−91 However, DFT ΔSCF IPs of conjugated oligo-
mers decrease too fast with increasing chain length, so that the
correct chain length dependence would require increasing the
amount of HF exchange.86 In contrast, studies on tuning have
revealed that the range-separation has to decrease with increasing
system size to match orbital energies with ΔSCF IPs.86,90 It is
therefore impossible to reproduce the correct IPs of large conju-
gated systems with tuning. For this reason, a constant range-
separation parameter was employed in the present study.
Solvent effects on the excitation energies were evaluated for
4-EDOT-BT-EDOT with both density functionals. Using the
PCM method and acetonitrile as the solvent, excitation energies
Scheme 1. Structures of Monomers at B3P86-30%/6-31G*
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decrease by 0.04 eV and there is practically no influence on
oscillator strengths. Solvent effects are therefore not considered
any further. Vibronic structures of absorption spectra of π-systems
were investigated theoretically by Grimme and co-workers.92,93
In general, the vertical excitation occurs at about 0.2−0.4 eV
above the 0−0 transition and lies in the vicinity of the third
vibronic peak. Vibrationally resolved spectra of polymers are
generally not available and measured peaks are very broad. εmax is
quite ill-defined, theoretically and experimentally, but is generally
blue-shifted by a couple tenths of an electronvolt with respect to
the onset of absorption. Therefore, vertical excitation energies
empolyed here, are expected to be close to experimental absorp-
tion maxima (within ∼ ±0.2 eV).
All calculations were done with the 6-31G* basis set and
the Gaussian 09 program.109 UV spectra are prepared with
GabEdit.94
■ RESULTS
Performance of the B3P86-30% and wB97XD Density
Functionals. To assess the quality of theoretical predictions,
Figure 1 compares results with the B3P86-30% and wB97XD
functionals to available experimental absorption energies (εmax
values) of monomers and polymers. Because polymer spectra
are measured on thin films and peaks are very broad, a perfect
agreement between theory and experiment should not be ex-
pected. Figure 1 shows, however, that the trend in absorption
energies is reproduced well with both functionals. B3P86-30%
tends to underestimate, and wB97XD tends to overestimate ex-
perimental absorption energies. Interestingly, there seems to be
no advantage in using the range-separated functional for repro-
ducing the low energy charge-transfer states. In fact, the under-
estimation with B3P86-30% is smallest for these states. This
indicates that there is enough spatial overlap between ground
and excited state that the problems of TDDFT with through
space interactions are not encountered. In addition, the over-
delocalization with global hybrids is reduced because of partial
localization of the conduction bands as explained below.
For the second absorptions, there is again little underesti-
mation with B3P86-30% and here the global hybrid performs
clearly better than the range-separated functional. Similar behav-
ior was already observed for higher excited states of open-shell
systems.86 It seems possible that higher energy diffuse states are
affectedmore by high amounts of long-range exact exchange than
more compact low energy excited states and that 100% of exact
exchange is too much.
In Figure 2, wB97XD and B3P86-30% absorption spectra of
monomers through hexamers and extrapolated polymer spectra
of EDOT-BT-EDOT and PY-BT-PY are shown. Experimental
onset of absorption and εmax of polymer thin films
78 are given as
vertical bars. Figure 2 shows that the match between experiment
and B3P86-30% spectra is quite reasonable tending to be on the
low side. With wB97XD, the peaks are shifted to higher energy
and lie outside the range of the observed absorptions. WB97XD
also tends to put less oscillator strength into the high energy
absorption. Experimental spectra of the two systems exhibit two
strong absorptions so that wB97XD seems to underestimates
the strength of the high energy peaks. Because the B3P86-30%
and wB97XD spectra are otherwise very similar and B3P86-30%
has no problems with the low lying charge-transfer states, only
B3P86-30% spectra are shown hereafter.
IPs and EAs of Donors and Acceptors. In the original pub-
lication on the donor−acceptor concept, the donor−acceptor
character was associated with the energetic shift of the bands of
the donor and acceptor homopolymers relative to one another.1
Because donor−acceptor systems contain alternating donor and
acceptor monomer units and not alternating polymers, it appears
more suitable to compare the relative energies of the mono-
mer units. WB97XD/6-31G* orbital energies that correspond
directly to IPs and EAs of the donor and acceptor monomers are
summarized in Table 1. Based on orbital energies, donor strength
increases in the order TH < EDOT < PY, and acceptor strength
increases in the order FTH < PYPY≈ BT <CDM< IFDMT. The
HOMO energies of donors and acceptors differ by up to 1.3 eV,
the LUMO energies by up to 5.2 eV. Thus, energy differences are
much more pronounced in conduction than in valence bands.
Figure 1. Comparison between predicted and measured 1−1′ and 1−x′ (marked with (2)) excitation energies.
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Properties of Donor−Acceptor Systems. In Tables 2−12,
orbital energies, HOMO−LUMO gaps, and TDDFT excitation
energies for monomers through tetramers (in some cases up to
hexamers) are collected. Experimental values are included where
Figure 2.Monomer (black) through hexamers (red) and extrapolated polymer (brown) spectra of EDOT-BT-EDOT (left) and PY-BT-PY (right) at
B3P86-30%/6-31G* and wB97XD/6-31G*. Black bars show experimental values on thin films.
Table 1. HOMO (Top) and LUMO (Bottom) Energies of
Donors and Acceptors and HOMO and LUMO Energy
Differences between Donors and Acceptors (In Italics) at
wB97XD/6-31G* in Electronvolts (eV)a
donor−acceptor TH EDOT PY
HOMO −8.46 −7.83 −7.58
LUMO 1.76 1.88 3.45
FTH −8.87 −0.41 −1.04 −1.29
1.34 −0.42 −0.54 −2.11
PYPY −7.68 0.78 0.15 −0.10
−0.49 −2.25 −2.37 −3.94
BT −8.63 −0.17 −0.80 −1.05
−0.54 −2.30 −2.42 −3.99
CDM −8.07 0.39 −0.24 −0.59
−1.76 −3.52 −3.64 −5.21
IFDMT −8.39 0.07 −0.56 −0.81
−2.37 −4.12 −4.25 −5.82
aEntries for donor−acceptor systems investigated in this study are
given in bold face.
Table 2. Orbital and Excitation Energies (Oscillator Strengths
in Parentheses) of PY-FTH-PY Oligomers in Electronvolts
(eV), with B3P86-30% and with wB97XD below in Italicsa
PY-FTH-PY EHOMO ELUMO Eg exc 1
monomer −5.85 −1.55 4.30 3.63 (0.89) 1−1′ (0.89)
−6.71 0.53 7.24 3.86 (0.88) 1−1′ (0.70)
dimer −5.49 −1.89 3.60 2.91 (2.08) 1−1′ (0.70)
−6.30 0.19 6.49 3.35 (2.24) 1−1′ (0.63)
trimer −5.38 −2.03 3.35 2.65 (3.16) 1−1′ (0.68)
−6.20 0.05 6.24 3.16 (3.47) 1−1′ (0.59)
tetramer −5.35 −2.10 3.25 2.53 (4.32) 1−1′ (0.65)
−6.16 −0.02 6.13 3.07 (4.74) 1−1′ (0.54)
polymer −5.24 −2.34 2.89 2.14
−6.05 −0.26 5.79 2.77
aPolymer values are obtained by extrapolation with 2nd degree
polynomial fits.
Table 3. Orbital and Excitation Energies (Oscillator Strengths
in Parentheses) of TH-PYPY-TH Oligomers in Electronvolts
(eV), with B3P86-30% and with wB97XD below in Italicsa
TH-PYPY-
TH EHOMO ELUMO Eg exc 1
monomer −5.99 −2.92 3.06 2.55 (0.52) 1−1′ (0.60)
−6.79 −0.93 5.86 2.74 (0.52) 1−1′ (0.70)
expt. 2.25
dimer −5.82 −3.42 2.40 1.96 (1.86) 1−1′ (0.70)
−6.62 −1.41 5.20 2.39 (1.79) 1−1′ (0.62)
trimer −5.76 −3.61 2.15 1.69 (3.14) 1−1′ (0.69)
−6.53 −1.64 4.90 2.18 (3.08) 1−1′ (0.58)
tetramer −5.73 −3.70 2.03 1.56 (4.32) 1−1′ (0.68)
−6.51 −1.73 4.78 2.10 (4.33) 1−1′ (0.54)
pentamer −5.72 −3.75 1.97 1.48 (5.58) 1−1′ (0.66)
hexamer −5.71 −3.78 1.93 1.44 (6.79) 1−1′ (0.63)
−6.49 −1.81 4.68 2.03 (6.80) 1−1′ (0.46)
polymer −5.65 −3.97 1.68 1.14
−6.42 −2.04 4.38 1.80
expt.95 1.38
aPolymer values are obtained by extrapolation with 2nd degree
polynomial fits.
Table 4. Orbital and Excitation Energies (Oscillator Strengths
in Parentheses) of EDOT-PYPY-EDOT Oligomers in
Electronvolts (eV), with B3P86-30% and with wB97XD below
in Italicsa
EDOT-PYPY-
EDOT EHOMO ELUMO Eg exc 1
monomer −5.73 −2.63 3.10 2.61 (0.67) 1−1′ (0.61)
−6.51 −0.65 5.86 2.80 (0.57) 1−1′ (0.70)
dimer −5.42 −3.00 2.42 1.97 (1.83) 1−1′ (0.70)
−6.17 −1.03 5.14 2.36 (1.52) 1−1′ (0.63)
trimer −5.30 −3.12 2.18 1.70 (2.98) 1−1′ (0.69)
−6.03 −1.16 4.87 2.18 (2.45) 1−1′ (0.59)
tetramer −5.23 −3. 18 2.05 1.57 (4.11) 1−1′ (0.67)
−5.97 −1.22 4.75 2.10 (3.44) 1−1′ (0.55)
polymer −5.01 −3.36 −1.66 1.11
−5.76 −1.40 4.36 1.79
aPolymer values are obtained by extrapolation with 2nd degree
polynomial fits.
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available. Table 13 summarizes differences between monomer
and polymer values. Large differences between monomer and
polymer indicate strong conjugation along the backbone.
The highest excitation energy of any monomer is computed
for PT-FTH-PY, and the values decrease in parallel with the EA
of the acceptor (Table 1) with one exception: the first excitation
energy of TH-IFDMT-TH is larger than that of TH-CDM-TH,
although IFDMT has the highest EA of all acceptors. The smallest
final polymer band gaps (Tables 2−12) are those of p-EDOT-
CDM-EDOT and p-PY-CDM-PY (0.94 eV) followed by p-PY-
BT-PY (1.10 eV), p-EDOT-PYPY-EDOT (1.11 eV), and p-TH-
PYPY-TH (1.14 eV). Interestingly, PY, which gives the smallest
band gap of the three donors with BT and CDM, leads to the
largest band gap with PYPY (1.46 eV), and TH, which gives the
largest band gap with CDM and IFTMD, leads to a very small
band gap (1.14 eV) with PYPY. Thus, any of the three acceptors,
PYPY, BT, andCDM can produce a small band gap polymer when
combined with the right donor. Attempts to correlate the band
gaps with relative orbital energies of donors and acceptors were
unsuccessful.
On chain length increase, the decrease in first excitation energy
(Table 13) ranges from 1.50 to 0.24 eV with B3P86-30% and
form 1.09 to 0.06 with wB97XD. The decrease in HOMO−
LUMO gaps (Eg) is almost the same with the two functionals,
between 1.5 and 0.58 eV. The largest values are predicted for PY-
FTH-PY and PYPY systems. BT oligomers have slightly reduced
chain length dependence and the smallest band gap reductions
are found with CDM and IFDMT. Trends in HOMO−LUMO
gaps parallel those of the first excitation energy, but the individual
chain lengths dependencies of HOMOs and LUMOs vary
Table 5. Orbital and Excitation Energies (Oscillator Strengths
in Parentheses) of PY-PYPY-PY Oligomers in Electronvolts
(eV), with B3P86-30% and with wB97XD below in Italicsa
PY-PYPY-
PY EHOMO ELUMO Eg exc 1
monomer −5.77 −2.60 3.17 2.69 (0.57) 1−1′ (0.60)
−6.56 −0.66 5.91 2.82 (0.67) 1−1′ (0.70)
dimer −5.51 −2.89 2.62 2.11 (1.48) 1−1′ (0.70)
−6.24 −0.96 5.28 2.43 (1.81) 1−1′ (0.63)
trimer −5.41 −3.01 2.40 1.87 (2.40) 1−1′ (0.69)
−6.12 −1.08 5.04 2.26 (2.93) 1−1′ (0.59)
tetramer −5.36 −3.07 2.29 1.75 (3.33) 1−1′ (0.67)
−6.07 −1.14 4.94 2.17 (4.07) 1−1′ (0.55)
polymer −5.24 −3.22 2.02 1.46
−5.96 −1.29 4.71 1.94
aPolymer values are obtained by extrapolation with 2nd degree
polynomial fits.
Table 6. Orbital and Excitation Energies in eV, Oscillator Strengths (In Parentheses), Dominant Electronic Transition with Its CI
Coefficient (In Parentheses) of TH-BT-TH oligomers, with B3P86-30% and with wB97XD below in Italicsa
TH-BT-TH EHOMO ELUMO Eg exc 1 exc 2
monomer −6.39 −3.00 3.40 2.63 (0.35) 1−1′ (0.89) 4.18 (0.43) 1−2′ (0.56)
−7.24 −0.96 6.27 3.01 (0.44) 1−1′ (0.70) 4.57 (0.45) 1−2′ (0.65)
expt.96 2.77
dimer −6.00 −3.24 2.77 2.14 (1.41) 1−1′ (0.69) 3.34 (0.75) 1−3′ (0.68)
−6.80 −1.22 5.58 2.65 (1.64) 1−1′ (0.62) 4.28 (0.39) 1−3′/3−1′ (0.41/−0.38)
expt.96 2.38
trimer −5.89 −3.35 2.54 1.93 (2.40) 1−1′ (0.68) 3.20 (0.92) 1−4′ (0.65)
−6.68 −1.27 5.51 2.61 (2.47) 1−1′ (0.58) 3.86 (0.48) 1−4′ (0.46)
tetramer −5.85 −3.41 2.44 1.82 (3.41) 1−1′ (0.65) 3.16 (1.20) 1−5′ (0.60)
−6.73 −1.32 5.41 2.54 (3.56) 1−1′ (0.53) 3.85 (0.82) 1−5′ (0.41)
polymer −5.71 −3.62 2.09 1.45 3.13
−6.58 −1.53 5.05 2.26 3.85
aPolymer values are obtained by extrapolation with 2nd degree polynomial fits.
Table 7. Orbital and Excitation Energies in Electronvolts (eV), Oscillator Strengths (In Parentheses), Dominant Electronic
Transition with Its CI Coefficient (In Parentheses) of EDOT-BT-EDOTOligomers, with B3P86-30% and with wB97XD below in
Italicsa
EDOT-BT-EDOT EHOMO ELUMO Eg exc 1 exc 2
monomer −5.93 −2.68 3.25 2.50 (0.37) 1−1′ (0.70) 4.05 (0.70) 1−2′ (0.70)
−6.77 −0.64 6.13 2.92 (0.49) 1−1′ (0.70) 4.51 (0.54) 1−2′ (0.67)
dimer −5.36 −2.82 2.55 1.96 (1.42) 1−1′ (0.69) 3.24 (0.69) 1−3′ (0.54)
−6.14 −0.80 5.34 2.51 (1.69) 1−1′ (0.63) 3.67 (0.15) 1−3′ (0.43)
trimer −5.18 −2.88 2.30 1.73 (2.48) 1−1′ (0.68) 3.09 (1.20) 1−4′ (0.66)
−5.94 −0.87 5.07 2.32 (2.78) 1−1′ (0.59) 3.65 (0.33) 1−4′ (0.43)
tetramer −5.10 −2.91 2.19 1.62 (3.54) 1−1′ (0.66) 3.02 (1.43) 1−5′ (0.58)
−5.86 −0.90 4.96 2.24 (3.91) 1−1′ (0.54) 3.65 (0.60) 1−5′ (0.40)
hexamer −5.02 −2.93 2.09 1.52 (5.65) 1−1′ (0.61) 2.99 (1.61) 1−7′ (0.49)
−5.79 −0.93 4.87 2.18 (6.14) 1−1′ (0.47) 3.65 (1.15) 1−6′ (0.33)
polymer −4.86 −3.00 1.86 1.28 2.95
−5.64 −1.00 4.64 1.99 3.65
expt.78 1.64 2.90
aPolymer values are obtained by extrapolation with 2nd degree polynomial fits.
Journal of Chemical Theory and Computation Article
dx.doi.org/10.1021/ct500816c | J. Chem. Theory Comput. 2014, 10, 4921−49374925
considerably. The largest differences between monomer and poly-
mer are computed for the IP (HOMO) of EDOT-BT-EDOT
(1.07 eV) and for the EA (LUMO) of TH-PYPY-TH (1.01 eV).
With PYPY, the decrease in the band gaps is dominated by the
increase in the EAs. This is indicative of significant delocalization
of the conduction band and predicts high electron mobility in
diketopyrrolopyrrole systems. With BT it is the IP that makes
the main contribution. Thus, BT is a p-type material. The much
smaller EA decrease from monomer to polymer of BT compared
to PYPY systems cannot be explained by different EAs because
both acceptors have almost the same EA (Table 1). With CDM
and IFTMD chain length dependencies of IPs and EAs are
significantly less than with the other acceptors. In particular, the
EAs increase only by 0.1−0.28 eV from monomer to polymer.
Table 8. Orbital and Excitation Energies in Electronvolts (eV), Oscillator Strengths (In Parentheses), Dominant Electronic
Transition with its CI Coefficient (In Parentheses) of PY-BT-PY Oligomers, with B3P86-30% and with wB97XD below in Italicsa
PY-BT-PY EHOMO ELUMO Eg exc 1 exc 2
monomer −5.77 −2.94 2.83 2.06 (0.21) 1−1′ (0.70) 4.16 (0.70) 1−2′ (0.70)
−6.60 −0.92 5.68 2.51 (0.30) 1−1′ (0.70) 4.53 (0.80) 1−2′ (0.68)
expt.96 2.33
dimer −5.30 −3.06 2.24 1.64 (0.78) 1−1′ (0.69) 4.42 (1.64) 1−3′ (0.69)
−6.10 −1.04 5.06 2.24 (0.99) 1−1′ (0.62) 4.04 (1.50) 1−3′ (0.61)
trimer −5.16 −3.12 2.04 1.46 (1.39) 1−1′ (0.68) 3.20 (2.21) 1−4′ (0.67)
−5.96 −1.10 4.86 2.11 (1.61) 1−1′ (0.59) 3.88 (1.82) 1−4′ (0.52)
tetramer −5.10 −3.15 1.95 1.38 (2.04) 1−1′ (0.65) 3.12 (2.80) 1−5′ (0.64)
−5.90 −1.13 4.77 2.05 (2.32) 1−1′ (0.54) 3.80 (2.26) 1−5′ (0.46)
hexamer −5.05 −3.18 1.87 1.29 (3.34) 1−1′ (0.61) 3.05 (4.05) 1−7′ (0.58)
−5.85 −1.18 4.69 2.00 (3.38) 1−1′ (0.47) 3.75 (2.99) 1−7′ (0.40)
polymer −4.93 −3.26 1.68 1.10 2.90
−5.75 −1.23 4.52 1.85 3.60
expt.78 1.64 3.16
aPolymer values are obtained by extrapolation with 2nd degree polynomial fits.
Table 9. Orbital and Excitation Energies in Electronvolts (eV), Oscillator Strengths (In Parentheses), Dominant Electronic
Transition with Its CI Coefficient (In Parentheses) of TH-CDM-TH Oligomers, with B3P86-30% and with wB97XD below in
Italicsa
TH-CDM-TH EHOMO ELUMO Eg exc 1 exc 2
monomer −6.41 −3.86 2.55 1.49 (0.05) 1−1′ (0.70) 3.48 (0.82) 1−2′ (0.67)
−7.34 −1.79 5.55 1.95 (0.06) 1−1′ (0.68) 4.03 (0.99) 1−2′ (0.65)
dimer −6.16 −3.95 2.21 1.37 (0.22) 1−1′ (0.61) 2.73 (2.18) 1−3′ (0.65)
−7.07 −1.89 5.18 1.91 (0.21) 1−1′ (0.49) 3.34 (2.21) 1−3′ (0.54)
trimer −6.11 −4.02 2.09 1.29 (0.32) 1−1′ (0.64) 2.58 (3.8) 1−4′ (0.64)
−7.03 −1.95 1.89 (0.32) 1−1′ (0.51) 3.25 (4.08) 1−4′ (0.50)
tetramer −6.06 −4.04 2.02 1.26 (0.60) 1−1′ (0.57) 2.47/2.49 (2.95/1.99) 1−5′ (0.44/0.39)
−7.01 −1.97 5.04 1.88 (0.49) 1−1′ (0.45) 3.22 (5.62) 1−5′ (0.46)
polymer −6.00 −4.16 1.84 1.12 2.31
−7.00 −2.07 4.93 1.85 3.17
aPolymer values are obtained by extrapolation with 2nd degree polynomial fits.
Table 10. Orbital and Excitation Energies in Electronvolts (eV), Oscillator Strengths (In Parentheses), Dominant Electronic
Transition with Its CI Coefficient (In Parentheses) of EDOT-CDM-EDOTOligomers, with B3P86-30% and with wB97XD below
in Italicsa
EDOT-CDM-EDOT EHOMO ELUMO Eg exc 1 exc 2
monomer −5.95 −3.57 2.38 1.35 (0.05) 1−1′ (0.70) 3.27 (1.08) 1−2′ (0.69)
−6.80 −1.52 5.28 1.79 (0.06) 1−1′ (0.68) 3.72 (1.22) 1−2′ (0.66)
expt.64 1.51 3.44
dimer −5.57 −3.61 1.95 1.17 (0.24) 1−1′ (0.63) 2.50 (2.52) 1−3′ (0.68)
−6.36 −1.57 4.80 1.70 (0.26) 1−1′ (0.51) 2.96 (2.28) 1−3′ (0.57)
trimer −5.46 −3.64 1.82 1.07 (0.33) 1−1′ (0.61) 2.31 (3.97) 1−4′ (0.66)
−6.25 −1.59 4.67 1.65 (0.39) 1−1′ (0.50) 2.86 (4.14) 1−4′ (0.52)
tetramer −5.42 −3.65 1.77 1.04 (0.60) 1−1′ (0.58) 2.20/2.25 (2.61/2.47) 1−5′ (0.39/0.43)
−6.21 −1.60 4.61 1.64 (0.63) 1−1′ (0.45) 2.81 (5.80) 1−5′ (0.47)
polymer −5.27 −3.67 1.61 0.94 1.85
−6.10 −1.63 4.46 1.55 2.74
expt.64 0.95 2.27
aPolymer values are obtained by extrapolation with 2nd degree polynomial fits.
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UV Spectra. UV spectra of monomers through tetramers in
Figure 3 reveal that the donor−acceptor systems studied here fall
into three groups. With FTH and PYPY as acceptors, one strong
absorption is predicted and there is a large (1.23−1.50 eV) batho-
chromic shift accompanied by increasing oscillator strength with
increasing oligomer length. With BT, two absorptions are seen
and the oscillator strength shifts from the low energy to the
high energy band with increasing donor strength in the order
TH < EDOT < PY. The bathochromic shift upon chain increase
is reduced to 0.96−1.22 eV (Table 13). With CDM and IFDMT,
there is a only a very weak feature at low energy that shifts by
0.24−0.41 eV with increasing chain length and almost all of the
oscillator strength is found in the high energy band with any
donor.
The different spectra of PYPY and BT systems cannot be
explained with different acceptor strength in terms of orbital
energies because PYPY and BT have almost the same EA
(Table 1). Orbital energy plots of tetramers in Figure 4 show that
the gradual shift in oscillator strength from the first to a second
absorption occurs in parallel with decreasing level spacing of the
first four unoccupied energy levels which is in turn paralleled with
the reduced chain length dependence of the EAs (Tables 2−12).
All these observations are in line with excitation from the valence
band into increasingly localized conduction band states.
It is noteworthy that the oscillator strengths in systems with
the dual band absorptions are always weaker than those of
Table 11. Orbital and Excitation Energies in Electronvolts (eV), Oscillator Strengths (In Parentheses), Dominant Electronic
Transition with Its CI Coefficient (In Parentheses) of EDOT-CDM-EDOTOligomers, with B3P86-30% and with wB97XD below
in Italicsa
PY-CDM-PY EHOMO ELUMO Eg exc 1 exc 2
monomer −6.03 −3.77 2.26 1.25 (0.04) 1−1′ (0.70) 3.58 (0.80) 1−2′ (0.64)
−6.93 −1.73 5.20 1.74 (0.05) 1−1′ (0.67) 4.02/4.03 (0.56/0.69) 3−1′/7−1′ (0.65/0.42)
dimer −5.71 −3.84 1.87 1.09 (0.16) 1−1′ (0.64) 2.92 (2.47) 1−3′ (0.63)
−6.57 −1.80 4.77 1.70 (0.17) 1−1′ (0.49) 3.53 (2.66) 1−3′ (0.57)
trimer −5.69 −3.89 1.80 1.03 (0.20) 1−1′ (0.65) 2.81 (3.47) 1−4′ (0.58)
−6.56 −1.86 4.70 1.69 (0.25) 1−1′ (0.50) 3.43 (3.22) 1−4′ (0.41)
tetramer −5.67 −3.91 1.76 1.01 (0.34) 1−1′ (0.59) 2.75 (5.01) 1−5′ (0.57)
−6.54 −1.87 4.67 1.68 (0.36) 1−1′ (0.43) 3.38/3.65 (4.75/1.21) 1−5′/1−1′ (0.47/0.35)
polymer −5.65 −4.01 1.64 0.94 2.69
−6.52 −1.96 4.56 1.66 3.29
aPolymer values are obtained by extrapolation with 2nd degree polynomial fits.
Table 12. Orbital and Excitation Energies in Electronvolts (eV), Oscillator Strengths (In Parentheses), Dominant Electronic
Transition with Its CI Coefficient (In Parentheses) of TH-IFDMT-TH Oligomers, with B3P86-30% and with wB97XD below in
Italicsa
TH-IFDMT-TH EHOMO ELUMO Eg exc 1 exc 2
monomer −6.91 −4.40 2.50 1.65 (0.03) 1−1′ (0.69) 3.72 (1.94) 3−1′ (−0.47)
−7.76 −2.39 5.37 2.27 (0.03) 1−1′ (0.64) 4.02/4.30 (1.36/1.50) 1−4′ (0.43/0.35)
expt.97 1.89 2.96
dimer −6.58 −4.46 2.11 1.49 (0.16) 1−1′ (0.64) 2.92 (2.03) 1−5′ (0.52)
−7.40 −2.41 4.98 2.25 (0.14) 1−1′ (0.43) 3.48 (2.87) 1−5′ (0.46)
trimer −6.54 −4.51 2.04 1.42 (0.18) 1−1′ (0.66) 2.85 (4.00) 1−8′ (0.55)
−7.37 −2.49 4.88 2.24 (0.21) 1−1′ (0.47) 3.39 (5.27) 1−7′ (0.40)
tetramer −6.53 −4.52 2.01 1.42 (0.33) 1−1′ (0.58) 2.83 (5.30) 1−9′ (0.51)
−7.37 −2.50 4.87 2.23 (0.34) 1−1′ (0.41) 3.36 (7.54) 1−9′ (0.35)
polymer −6.51 −4.60 1.91 1.41 2.93
−7.37 −2.58 4.79 2.21 3.34
expt.97 1.82 2.66
aPolymer values are obtained by extrapolation with 2nd degree polynomial fits.
Table 13. Differences between Monomer and Polymers
Properties of Donor−Acceptor Systems, Top at
B3P86-30%/6-31G*, Bottom in Italics wB97XD/6-31G*
Δmon‑pol EHOMO ELUMO Eg exc 1 exc 2
PY-FTH-PY −0.61 0.79 −1.41 −1.49
−0.66 0.79 −1.45 −0.99
TH-PYPY-TH −0.34 1.05 −1.38 −1.46
−0.37 1.01 −1.48 −1.09
EDOT-PYPY-EDOT −0.71 −0.73 −1.44 −1.50
−0.75 −0.75 −1.50 −1.01
PY-PYPY-PY −0.53 0.62 −1.15 −1.23
−0.40 0.63 −1.20 −0.88
TH-BT-TH −0.68 0.62 −1.31 −1.18 −1.05
−0.66 0.57 −1.22 −0.75 −0.72
EDOT-BT-EDOT −1.07 0.32 −1.39 −1.22 −1.10
−1.13 0.36 −1.49 −0.93 −0.86
PY-BT-PY −0.84 0.32 −1.15 −0.96 −1.26
−0.85 0.31 −1.16 −0.66 −0.93
TH-CDM-TH −0.41 0.10 −0.71 −0.37 −1.17
−0.34 0.28 −0.63 −0.10 −0.85
EDOT-CDM-EDOT −0.68 0.10 −0.77 −0.41 −1.42
−0.70 0.11 −0.82 −0.24 −0.98
PY-CDM-PY −0.38 0.24 −0.64 −0.31 −0.89
−0.41 0.23 −0.82 −0.08 −0.73
TH-IFDMT-TH −0.40 0.20 −0.59 −0.24 −0.79
−0.39 0.19 −0.58 −0.06 −0.68
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systems with single absorptions. Adding the B3P86-30% oscillator
strengths of the two peaks of 4-TH-BT-TH, 4-EDOT-BT-EDOT,
and 4-PY-BT-PY yields values of 4.61, 4.97, and 4.84. The
oscillator strength of the 1−1′ transition of 4-PY-FTH-PY is 4.32.
For comparison, the oscillator strengths of the 1−1′ peaks of
homopolymers 12-TH and 12-PY are 4.34 and 4.20. Despite the
dual absorption, there is thus little increase in total absorbance in
the donor−acceptor systems as the two transitions are coupled
and obey the Thomas−Reiche−Kuhn sum rule.98−100
Nature of the Two Bands. The low energy bands of all
systems correspond to HOMO−LUMO or 1 → 1′ transitions
when the numbering of orbitals starts with “1” for the HOMO,
“1′ ” for the LUMO and values increase for lower energy
occupied orbitals and higher energy unoccupied orbitals. The
coefficient of the HOMO−LUMO transition starts with about
0.7 for monomers and decreases with chain length. Thus, the
HOMO−LUMO transition contributes less than 50% to the
excited state wave function but there are no additional electron
configurations that make similarly strong contributions.
The high energy bands are 1→ x′ transitions, where x is the
number of repeat units (n) plus one. For IFDMT oligomers, x =
(2n + 1)′ because of the larger number of π-orbitals in the
acceptor. The molecular orbitals involved in these transitions are
plotted in Figure 5 for 3-PY-BT-PY. The HOMO orbital looks
like those of homopolymers. The next three orbitals, in con-
trast, are dominated by the LUMO of BT. The following orbital
Figure 3. Absorption spectra of monomers (red) through tetramers (green) at B3P86-30%/6-31G*.
Journal of Chemical Theory and Computation Article
dx.doi.org/10.1021/ct500816c | J. Chem. Theory Comput. 2014, 10, 4921−49374928
(x = (n + 1)′ = 4′) resembles the LUMO of thiophene-like
homopolymers. The 1−4′ transition of trimers is thus similar in
character to the HOMO−LUMO transition of homopolymers,
while the 1−1′ transition has charge-transfer character and
transfers electrons into partially localized gap states, while the
1→ x′ transition has them jump over the localized gap states into
the wider bands above. These considerations are valid also for
CDM and IFDMT systems where the localization is more
pronounced as seen in Figure 6 for 3-TH-IFDMT-TH. PYPY
systems (Figure 7) have delocalized HOMOs and LUMOs, only
peak in the spectrum and behave in every respect like homo-
polymers. The remaining systems are intermediate cases.
Extent of Charge Transfer.NBO charges summed over the
donors and acceptors are plotted for ground and excited states of
tetramers in Figure 8. The charges on the central acceptor units
in ground and excited states are summarized in Table 14. Qualita-
tively, the predictions with the range-separated wB97XD func-
tional and the global hybrid B3P86-30% are the same, but all
charges are smaller with wB97XD. This seems to be counter-
intuitive, considering that global hybrids and pure DFT, have
a tendency toward over-delocalizing charges to such an extent
that H2
+ dissociates into two H+1/2.101 Range-separated func-
tionals88,102 were designed to eliminate this problem and tend
to localize defects in conjugated systems more than global
hybrids.86 Since oligomers deviate more from planarity with
wB97XD than with B3P86-30%,86 4-PY-CDM-PY was calculated
in C2h symmetry with both functionals to exclude the possibility
that the reduced charge separation with wB97xd is caused
be different geometries. The charges on the planar structures a
virtually identical, only more symmetrically distributed.
In the ground states, the acceptor have charges between−0.03
and −0.28 e. Figure 8 shows that the charges are the same on
central and outer rings. According to these ground state charges,
PYPY is the strongest electron acceptor, followed by BT. The
weakest acceptors are CDM and IFDMT. Thus, the ground
state charges do not correlate at all with the EAs of the acceptors.
The negative charges on the acceptors increase with increasing
strengths of the donor in the order TH < EDOT < PY and there-
fore correlate with the IPs of the donors.
With TH and EDOT donors, the negative charges on PYPY do
not change on excitation, only with PY the negative charge on
PYPY increases by 0.1 e. Thus, the 1−1′ transition is not a charge
transfer state in PYPY systems. With BT, CDM, and IFDMT, the
first excited state involves a significant amount of charge transfer
from donor to acceptor, especially on the central rings. The
concentration of the charge transfer on the two central rings is
somewhat exaggerated in tetramers, however. In the hexamer of
PY-BT-PY the charge transfer spreads more evenly over the
middle part of the molecule, only the terminal rings do not con-
tribute. The largest charge transfers occur with PY as the donor:
4-PY-BT-PY (0.27 e), 4-PY-CDM-PY (0.26 e), and in 4-TH-
IFDMT-TH (0.27 e). Most of the second excited states also
involve charge transfer but to a smaller degree than the first
excited states.
Like the ground states, both excited states have higher negative
charges on BT than on CDM. Thus, BT is the stronger acceptor
in the ground and in the excited state, although CDM has a
higher EA. Comparing entries of 4-PY-FTH-PY with 4-TH-
CDM-TH reveals that 4-PY-FTH-PY has the larger charge
difference between donor and acceptor in the ground state and
the same charge difference as 4-TH-CDM-TH in the excited
state. Thus, the appearance of two peaks and the shift in the
oscillator strength to the second peak in the absorption spectra
cannot be explained with charge transfer between donor and
acceptor on excitation.
■ DISCUSSION
Comparison of donor−acceptor systems with five different ac-
ceptors reveals differences in absorption properties as donor−
acceptor substitution may lead to either one band at low energy,
dual band absorption, or a very weak HOMO−LUMO transition
and a prominent high energy peak. Attempts to correlate these
absorption properties with EAs (LUMO levels) of the acceptors
or charge separations between donors and acceptors in ground
or excited states were unsuccessful. Only increasing conduction
band localization (Figure 4) correlates with the shift of oscillator
strength from the HOMO−LUMO to the higher energy peak.
Although PYPY and BT have almost the same EA, only BT
shows a tendency to localization in the conduction band (com-
pare Figures 5 and 7). Thus, energy level differences cannot be
the cause for localization. Therefore, the electron densities in the
LUMOs of the acceptor units are compared in Figure 9. The
trend of decreasing electron densities from PYPY to IFDMT at
the carbon atoms to which the donors bind (α-carbons) is clearly
visible.
Figure 4. Orbital energies of the 10 highest occupied and 10 lowest unoccupied orbitals of tetramers with wB97XD. With 4 repeat units valence and
conduction “bands” consist of four levels each.
Journal of Chemical Theory and Computation Article
dx.doi.org/10.1021/ct500816c | J. Chem. Theory Comput. 2014, 10, 4921−49374929
The LUMO of PYPY has large coefficients (Figure 9) at the
α-carbons. This leads to large overlap between donor and
acceptor orbitals in the conduction band. The consequences are
large conduction band dispersions, a single strong absorption at
low energy, large red shifts of the UV-absorption band upon
chain length increase, and exceptionally large electron mobilities
of PYPY systems.95 This explains why p-TH-PYPY-TH can be
employed as ambipolar material for OFETs95,103 and why PYPY
systems have started to attract interest for solar cell applications
where fullerenes are replaced with PYPY systems as electron
conducting materials.104 The present theoretical results corrob-
orate excellent light absorption properties of TH-PYPY-TH
systems but indicate that open circuit voltages in bulk hetero-
junction solar cells with PYPY systems as donors may be reduced
because of their small band gaps. P-EDOT-PYPY-EDOT in its
unsubstituted form would have equally suitable properties but
substitution at N to improve processability leads to loss of pla-
narity, increase of the band gap, and decrease of the band disper-
sion. PY as the donor starts inducing localization and leads to a
larger band gap.
BT gives rise to polymers with two absorptions in the UV−vis
spectrum. The occurrence of two absorptions can be traced back
to partial localization of the conduction band and reduced spatial
overlap between ground and first excited state.68 The LUMO of
BT (Figure 9) has electron density at the α-carbons, but the
coefficients are reduced compared to those of PYPY. As a result
the EA of p-TH-BT-TH is predicted to be about 0.5 eV smaller
than that of p-TH-PYPY-TH, although the monomer EAs differ
Figure 5. Orbitals of 3-PY-BT-PY.
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by only 0.05 eV (Tables 2 and 5). With increasing donor strength
and increasing localization of the conduction band (Figure 5),
the high energy absorption gains intensity at the expense of the
lowenergy peak. The absorption properties can therefore be tunedby
appropriate selection of the donors (EDOT and PY) for producing
green polymers72−74,76,78,105,106 and (TH) for optimizing light ab-
sorption in OPVs,26,27,29−31,34,35,40,41,44,45,49,51−53,55−57,59,107−114 as
the conduction band is widest with TH as the donor and the IP
of the p-TH-BT-TH is 0.8 eV larger than with PY or EDOT as
donors. Thus, TH is predicted to give larger open circuit voltage,
which explains why TH is the only donor of the three that is used
in solar cell applications.
The disadvantage of BT is the reduced dispersion of the
conduction band that is associated with lower electron mobility.
In solar cell applications with fullerenes as the electron con-
ducting layer this disadvantage plays no role as confirmed by the
fact that majority of all-polymer bulk heterojunction solar cells
with power conversion efficiency above 7% involve BT.113−116
Extreme localization of the unoccupied and partial localization
of the occupied states is seen with CDM and IFDMT acceptors.
Figure 6. Orbitals of 3-TH-IFDMT-TH.
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With C(CN)2 groups, the LUMO levels are localized away from
the polymer backbone (Figure 9) and conjugation is disrupted in
the first excited state. The resulting small spatial overlap between
ground and excited states leads to very low intensity of the first
excited state that neither shifts to lower wavelength nor increases
in intensity with chain length of the oligomers. Thus, despite
their low band gaps, CDM containing donor−acceptor polymers
are expected to lead to low light absorption efficiency in the low
energy range. Low electron mobility in the n-doped state63 is the
consequence of the small conduction band dispersion. The
present theoretical analysis predicts also low photocurrents. It is
therefore not surprising that CDM polymers have not found
application in devices.
Despite the strong localization in the TH-IFDMT-TH system,
crystals of the monomer exhibit exceptionally large electron
mobility of 0.16 cm2/(V s).97,117 This might appear to con-
tradict the above analysis. However, no improvement in device
performance was observed upon polymerization. In fact, all poly-
mers had lower electron mobilities and lower Ion/Ioff ratios than
the monomers. The strong dependence of the properties on the
degree of crystallinity97,117 suggests that charge transport occurs
through hopping along π-stacks rather than along the polymer
backbone. The theoretical results thus explain why no perform-
ance improvement is observed upon polymerization of IFDMT
based monomers as polymerization does not enhance optical or
electronic properties but decreases crystallinity.
Coming back to the original claim1 that donor−acceptor sys-
tems may have small band gaps and large bandwidth, it appears
the PYPY polymers meet these expectations. However, whether
bandwidth increases due to donor−acceptor substitution can
only be determined by comparing band widths of copolymers
with those of the corresponding homopolymers. PYPY homo-
polymers have exceptionally wide conduction bands, narrower
valence bands, and a vanishingly small band gap. The wave
Figure 7. Orbitals of 4-TH-PYPY-TH.
Table 14. Charges on Central Acceptor Units in Ground (GS) and Excited States (ES)
GS B3P86-30%/wB97XD ES 1 B3P86-30%/wB97XD ES 2 B3P86-30%/wB97XD
PY-FTH-PY −0.11/−0.09 −0.23/−0.19
TH-PYPY-TH −0.15/−0.13 −0.13/−0.13
EDOT-PYPY-EDOT −0.19/ −0.17 −0.17/−0.17
PY-PYPY-PY −0.28/−0.24 −0.38/−0.34
TH-BT-TH −0.10/−0.08 −0.26/−0.19 −0.21/−0.14
EDOT-BT-EDOT −0.11/−0.09 −0.28/−0.22 −0.22/−0.12
PY-BT-PY −0.20/−0.15 −0.47/−0.38 −0.34/−0.28
TH-CDM-TH −0.03/−0.03 −0.23/−0.11 0.00a/−0.03
EDOT-CDM-EDOT −0.07/−0.07 −0.29/−0.19 −0.19a/− 0.07
PY-CDM-PY −0.13/−0.10 −0.39/−0.24 −0.21/−0.19
TH-IFDMT-TH −0.07/−0.05 −0.34/−0.14 −0.19/−0.13
aFor the two close lying transitions the average of the charges was used.
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Figure 8. Charges of tetramers in ground state (blue diamonds), first excited state (brown squares), and second excited state (green triangles). Filled
symbols B3P86-30%/6-31G*, open symbols wB97XD/6-31G*.
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function, however, becomes unstable with increasing chain
length and the polymer is probably a biradical. Nonetheless, this
shows that, as with other acceptors, donor−acceptor substitution
reduces the bandwidth compared to the homopolymer.
■ CONCLUSIONS
Theoretical analysis of donor−acceptor systems completely
rationalizes the good performance of p-TH-BT-TH in OPVs,
p-TH-PYPY-TH in OFETs, and EDOT-BT-EDOT and PY-BT-
PY as green polymers. It also explains the absence of CDM
systems in these applications in terms of its low light harvesting
capacity in the low energy range and its low electron mobility.
That theoretical results without considering morphology lead to
a match with the empirical system selection, reveals that device
performance is determined to a significant extent by single mole-
cule properties.
Relative oscillator strengths of the charge-transfer and the
π−π* bands of donor−acceptor systems correlate with conduc-
tion band localization but not with orbital energy differences
between donor and acceptor and not with charge separation in
ground or excited states. The dual band absorption of donor−
acceptor polymers is confirmed to arise from partial conduction
band localization caused by reduced overlap between LUMO
orbitals of donor and acceptor compared to homopolymers.
The band gap of the donor−acceptor polymers is strongly
influenced by the conjugation strength and is not determined
alone by donor or acceptor strength as defined by orbital ener-
gies. Otherwise PY as the donor would always lead to the smallest
band gap, which is not the case.
The most important parameter for the design of donor−
acceptor systems for specific applications is the electron density
distribution in the acceptor unit. To achieve high EAs, high
electron mobility, and efficient light absorption in the low energy
part of the spectrum, the electron density at the carbon atoms
that bind the donors has to be high. Cyano groups that pull the
electrons in the acceptor away from backbone have to be avoided.
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